Abstract-This paper reviews advanced radar architectures that employ multiple transmit and multiple receive antennas to improve the performance of future synthetic aperture radar (SAR) systems. These advanced architectures have been dubbed multiple-input multiple-output SAR (MIMO-SAR) in analogy to MIMO communication systems. Considerable confusion arose, however, with regard to the selection of suitable waveforms for the simultaneous transmission via multiple channels. It is shown that the mere use of orthogonal waveforms is insufficient for the desired performance improvement in view of most SAR applications. As a solution to this fundamental MIMO-SAR challenge, a new class of short-term shift-orthogonal waveforms is introduced. The short-term shift orthogonality avoids mutual interferences from the radar echoes of closely spaced scatterers, while interferences from more distant scatterers are suppressed by digital beamforming on receive in elevation. Further insights can be gained by considering the data acquisition of a side-looking imaging radar in a 3-D information cube. It becomes evident that the suggested waveforms fill different subspaces that can be individually accessed by a multichannel receiver. For completeness, the new class of short-term shift-orthogonal waveforms is also compared to a recently proposed pair of orthogonal frequency-division multiplexing waveforms. It is shown that both sets of waveforms require essentially the same principle of range time to elevation angle conversion via a multichannel receiver in order to be applicable for MIMO-SAR imaging without interference.
I. INTRODUCTION

S
YNTHETIC aperture radar (SAR) is a powerful remote sensing technique that can provide high-resolution radar images of the terrestrial surface independent of weather and sunlight illumination. This capability makes SAR an ideal candidate for a global Earth observatory that continuously monitors the plethora of natural and anthropogenic processes which permanently restructure the surface of our planet. The mapping capabilities of current SAR sensors are, however, insufficient to reach this ambitious goal with a reasonable number of satellites. Next-generation SAR missions like Tandem-L will employ advanced digital beamforming (DBF) techniques to improve the imaging performance by more than one order of magnitude if compared to state-of-the-art sensors like TerraSAR-X [1] . In the future, further improvements can be achieved by combining DBF on receive with multiple transmit channels raManuscript received August 11, 2012 ; revised January 3, 2013 and April 18, 2013; accepted May 14, 2013 . Date of publication June 28, 2013 ; date of current version February 27, 2014 .
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Digital Object Identifier 10.1109/TGRS.2013.2263934 diating appropriately designed waveforms [2] . These enhanced architectures, now dubbed multiple-input multiple-output SAR (MIMO-SAR), offer not only the opportunity to map wider image swaths with improved spatial resolution, but they also enable novel SAR imaging modes that are well suited to mitigate or even resolve hitherto contradicting user requirements. This paper provides a critical review of recently suggested MIMO-SAR concepts and discusses their validity and pitfalls in the context of wide-swath SAR imaging. For this, Section II provides a short summary of the early developments toward MIMO radar, together with the manifold opportunities that have been suggested over the last years in the special context of SAR imaging. Here, an important issue arises with regard to the separation of the radar echoes that arise from the simultaneous scene illumination by multiple transmit waveforms. To this end, several types of orthogonal signals have been suggested in the literature, and Section III provides a critical analysis of the suitability of such waveforms in the context of wide-swath SAR imaging. To overcome some fundamental issues with regard to these previously suggested orthogonal signals, Section IV introduces the novel concept of shortterm shift-orthogonal waveforms. It is shown that the usage of these particular waveforms enables, in combination with DBF on receive, a MIMO-SAR imaging system that avoids the performance degradations associated with the use of the conventional, hitherto-proposed orthogonal signals, as derived in Section III. To further explain the intimate connection between MIMO-SAR imaging, short-term shift orthogonality, and DBF on receive, Section V introduces the visual concept of the information cube, which provides further insights into the validity and pitfalls of the MIMO-SAR data collection process. Recently, it has been suggested that a special class of orthogonal frequency-division multiplexing (OFDM) waveforms is also suitable for MIMO-SAR imaging. Section VI discusses this class of waveforms and shows their similarities and differences if compared to the short-term shift-orthogonal waveforms in the context of MIMO-SAR imaging. This paper concludes with a short outlook on advanced MIMO-SAR modes in Section VII and a final summary in Section VIII.
II. EARLY DEVELOPMENTS TOWARD MIMO-SAR
A radar receiver with N Rx apertures allows a simultaneous sampling of the arriving wavefronts with N Rx effective phase centers. The number of effective phase centers can be significantly increased by using not only one but multiple transmitters. If N Tx transmitters are employed in addition to N Rx receivers, the maximum number of possible phase centers increases from N DBF = N Rx to N MIMO = N Tx · N Rx , where the virtual phase center locations can be computed from a Fig. 1 . MIMO-SAR architectures employ, in addition to multiple receivers, multiple transmit channels (left) to generate waveforms that are nonseparable with regard to their space-time coordinates (right). Conventional SAR systems are, in contrast, characterized by transmitting waveforms (or phase fronts) that can be written as the product of a time-only modulation function and a space-only angular antenna pattern (images from [9] ).
Fig. 2. Additional phase centers provided by a MIMO-SAR in the context
of high-resolution wide-swath SAR imaging, ATI, and GMTI. (Left) azimuth phase centers for the case where multiple receive apertures are used in combination with a single transmitter (cf., [10] ). (Right) MIMO-SAR where each antenna has, in addition, transmit capabilities (image adapted from [8] ).
spatial convolution of the physical transmit and receive antenna positions [3] . Inspired by this diversity gain, [4] investigated the advantages of such a MIMO architecture to mitigate scintillations in the radar cross section (RCS) of point-like targets, and the edited book collection [5] compiled further analyses of MIMO concepts and processing techniques in the context of nonimaging radar systems. In the domain of real aperture radar imaging, additional transmit antennas were suggested to improve the angular resolution and to add interferometric or even tomographic capabilities in the context of a forward-looking imaging radar experiment [6] . A similar approach was later elaborated in more detail to improve the crosstrack resolution of a downward-looking 3-D imaging radar system [7] .
In the field of SAR imaging, first suggestions of using a MIMO-SAR architecture with multiple transmit and multiple receive channels emerged in May 2006 in [8] and [9] (cf., Fig. 1 ). These early publications showed that the possible benefits of using multiple transmit channels together with a multichannel receiver range from an increased spatial coverage and geometric resolution to the improved suppression of range and azimuth ambiguities to the provision of additional baselines for ground moving target indication (GMTI) and interferometric applications. Fig. 2 illustrates, as an example, the additional azimuth phase centers that may arise from the transition of a multichannel receiver system (cf., [10] ) to a MIMO-SAR configuration. Here, the special case of a linear uniform array has been assumed, where the combined Tx/Rx elements are mutually displaced in the along-track direction. The extra phase centers provided by a MIMO-SAR yield additional and longer baselines for GMTI and along-track interferometry (ATI) applications and enable in the case of SAR imaging a reduction of the pulse repetition frequency (PRF) by a factor of two if compared to a single-channel transmitter. Hence, a wider image swath can be imaged as discussed in [2] . An elegant method to illustrate the virtual phase centers for an arbitrary arrangement of multiple spatially separated transmit and receive antennas has been presented in [11] .
In [11] and [12] , the possible application range of MIMO-SAR was further extended to achieve superresolution in range by combining multiple image surveys of the same area acquired from slightly different incident angles [13] . For this, it was suggested to employ multiple transmit and receive platforms that are mutually separated by suitable cross-track displacements. The scene is illuminated by a set of transmitters radiating orthogonal waveforms that occupy the same range frequency band. The scattered echoes are then simultaneously recorded by an array of appropriately spaced receiver platforms. By this, a distributed MIMO-SAR system is configured. The proposed technique allows one to achieve a maximum theoretical range resolution improvement factor that is significantly greater than the number of operating SAR sensors by jointly exploiting both mono-and bistatic acquisitions [12] .
Another interesting opportunity for a MIMO-SAR is fully polarimetric SAR imaging. All conventional fully polarimetric SAR systems transmit two orthogonal polarizations in subsequent pulse repetition intervals (PRIs), as illustrated on the lefthand side of Fig. 3 . This implies an increase of the overall PRF, which causes, in turn, notable timing and/or range and/or azimuth ambiguity problems in the design of spaceborne SAR systems [14] . To avoid a deteriorated image quality in the delivered products, it has therefore become common practice to reduce both the swath width and the azimuth resolution as soon as a spaceborne SAR system is operated in fully polarimetric mode. As a possible way out of this dilemma, it was suggested in [15] , and later again in [16] , to transmit two orthogonally Fig. 3 . MIMO-SAR for fully polarimetric wide-swath imaging (from [15] ). (Left) Conventional SAR where two orthogonal polarizations (here, H and V) are transmitted in subsequent PRIs. The signals from each polarization must be sampled with a sufficiently high PRF to avoid azimuth ambiguities. As a result, the swath has typically to be narrowed to avoid both timing problems and range ambiguities. (Right) Two polarizations are transmitted within a single pulse (here, two subpulses are used, but other waveforms are also possible). The range ambiguous echoes from the polarized subpulses are then separated by DBF on receive (cf., Section IV). This polarimetric waveform encoding enables data acquisitions with multiple transmit polarizations during each PRI interval, thereby avoiding the necessity to increase the PRF for fully polarimetric operation. As argued in [15] , this paves the way for a compact fully polarimetric high-resolution wide-coverage SAR imaging system. polarized waves with appropriately chosen time modulations within each radar pulse. This avoids the otherwise unavoidable doubling of the PRF, and hence, it becomes possible to map a wider image swath without performance degradation. A possible embodiment of such a system is illustrated on the right-hand side of Fig. 3 . We will see later that the performance improvement is not achieved without costs, and a higher antenna with DBF capabilities will be required to avoid mutual interferences between the received radar echoes from the two transmit signals.
III. ORTHOGONAL WAVEFORMS: THE GREAT CONFUSION
To fully exploit the MIMO-SAR opportunities outlined in the previous section, it is necessary to separate within the receiver the scattered radar echoes from the multiple transmit signals. To this end, several publications suggested to transmit mutually orthogonal waveforms. Notable confusion arose, however, what exactly is meant by "orthogonal."
A. Orthogonality Without Shifts
Some publications (cf., e.g., [17] - [20] ) just require
where s i (t) and s j (t) are the transmitted signals from any two different apertures/channels. It had already been argued in [2] that such a condition allows perfect separation of the scattered waveforms from a single point target, but it is not sufficient to ensure reliable signal separation in case of spatially extended scattering scenarios. The reason for the poor performance is that the orthogonality is not ensured for arbitrary shifts between the different transmit signals. As a result, the energy from a distributed scatterer ensemble illuminated by a set of orthogonal waveform(s) does not vanish after range focusing but appears either smeared or at different positions [2] . This reasoning is immediately evident if one considers range focusing in the Fourier frequency domain as a bandpass filter with constant amplitude where the phase function is "matched" to one of the transmitted waveforms. As long as all transmitted orthogonal signals share the same frequency band, a mismatch of the phase will not affect the magnitude of the spectrum. According to Parseval's theorem, the output signals of all focusing filters will hence have the same power/energy regardless of whether a matched or an unmatched signal is present. This means that the signal energy from all unmatched waveforms is still present in the focused signal. Depending on the number of transmitters, the smeared energy from the orthogonal waveforms may therefore even exceed the energy of the focused image response. The interested reader may consult Appendix A for a more rigorous analytic derivation of this fundamental result. Despite this apparent limitation, it has unfortunately to be noted that several recent peer-reviewed journal publications neglected (or underestimated) the conservation of the signal energy from the orthogonal waveforms [17] , [18] , [20] . It seems therefore necessary to illustrate the deteriorating effects that may arise from the mere usage of orthogonal waveforms satisfying (1) . For this, four simulations have been performed. Fig. 4 shows the effect of using a slightly adapted pair of upand down-chirps as orthogonal transmit waveforms. To satisfy the orthogonality condition in (1), the second chirp has been marginally modified by adding a small additional signal as explained in Appendix B.
1 In this first simulation, a very short scene extension of only 201 pixels has been emulated by setting the remaining pixel values of the selected input image to zero. The top image of Fig. 4 shows a picture of the original scene that provided the input for the simulation. The second image of Fig. 4 shows the matched filter result if only one waveform (up-chirp) with a pulse length of 7680 samples is transmitted. It can be seen that the scene is well reconstructed within the chirp bandwidth. The third image of Fig. 4 shows the matched filter result (for the up-chirp) if both the up-and down-chirps are transmitted at the same time. Since the scene extension is much shorter than the length of the transmitted chirp signal, only a slight image degradation can be seen. This is due to the fact that the leaked signal energy from the orthogonal waveform (down-chirp in this case) is distributed among the whole chirp length, and as a consequence of the short scene extension, only a small fraction of this leaked energy overlaps with the scene. The energy leakage from the orthogonal signal can be seen in the third image of Fig. 4 by a slight degradation of the black values, especially outside the original scene extension. For a quantitative analysis, three power profiles have been added at 1 The results in Figs. 4 and 5 are very similar whether or not the small correction signal is present in the second transmitted waveform. This has been verified by performing the simulations once with and once without the correction signal, which resulted in almost indistinguishable results. We therefore speak in the following only of up-and down-chirps, keeping in mind that the second chirp has been slightly modified to satisfy (1). the bottom of Fig. 4 . The dashed green and dotted blue profiles show the azimuth averaged power of the second (only matched channel) and third (matched + orthogonal channel) images, respectively, while the red profile shows the azimuth averaged power of the difference between the two images. The red curve can therefore be regarded as representing the additional noise that is caused by the presence of the second transmit channel. This noise level is approximately 15 dB below the signal level, which fits well its expected value that is provided by the ratio between the scene extension (201 samples) and the pulse length (7680 samples).
A completely different picture arises, however, if the scene width exceeds the length of the chirped signal. This is the typical case for most spaceborne SAR imaging systems like ERS-1/2, Sentinel-1, ALOS, Radarsat-2, TanDEM-X, etc.
2 For this, Fig. 5 shows the same simulations as before but now for a scene that is much wider than the chirp length. While the scene is well reconstructed if only the matched signal is transmitted (middle image of Fig. 5 ), a significant degradation of the image quality and contrast can be noted for the case where the orthogonal down-chirp is transmitted together with the up-chirp (lower image in Fig. 5 ). From this, it should be clear that the mere use of orthogonal transmit signals is, in general, not sufficient for the successful implementation of a high-quality wide-swath MIMO-SAR system.
Orthogonal waveforms like the investigated up-and downchirps (or more sophisticated waveforms) may, however, be of interest for special scenarios. One example is a bistatic ground-based MIMO-ISAR system, where the imaged scene size is typically limited by the rapid decay of the backscattered signal with range. By choosing transmit pulses of sufficient length, a high-quality imaging with low energy leakage from the orthogonal channels can be achieved [19] . Another possible example is the imaging of a sparse set of strong scatterers embedded in a large scene of low backscatter. Such a scenario may, for example, apply to a calm sea with some ships floating on the water. In this case, the energy leakage from the orthogonal waveforms is distributed over a wide area, and the typically strong radar echoes from the ships remain well above the slightly increased noise level. An appropriately designed MIMO-SAR system may, in this case, provide an improved detection and parameter estimation performance.
Several recent publications argued that up-and down-chirps are not suitable for the implementation of a MIMO-SAR system. As an alternative, more sophisticated waveforms were suggested in [20] and [22] . The proposed waveforms consist essentially of the concatenation of multiple subpulses, where each subpulse is again composed of the linear superposition of multiple chirped signals, each covering a small fraction of the overall bandwidth. Fig. 6 illustrates a pair of these waveforms in a time-frequency diagram (cf., [20] for more details). The image quality for the narrow scene is again acceptable even in the presence of the orthogonal signal, but one can note as before a slight degradation of the dynamic range. Note that the black areas outside the original scene extension are now filled by a periodic pattern. This pattern is a consequence of the suggested OFDM waveforms that are composed of multiple chirped subpulses with partially overlapping spectra. A close inspection of the middle image reveals that a similar pattern is even visible here but at a lower level. This image degradation becomes also evident from the azimuth averaged power profiles shown at the bottom of Fig. 7 .
A completely different picture arises if the scene size exceeds the pulse length. The corresponding simulation results are shown in Fig. 8 . It can be seen that the matched filter output now suffers from a severe performance degradation even for the case where no orthogonal signal is present. This can be explained again by the repeated subpulse structure which covers overlapping frequency bands. It should therefore be clear that, as it was the case for the mere use of up-and down-chirps, only very narrow scenes can be mapped by the suggested OFDM waveforms without suffering a severe performance degradation. To conclude, the proposed OFDM waveforms are unfortunately not suitable for the implementation of a spaceborne wide-swath SAR imaging system. The same applies, in general, to all other suggested MIMO-SAR waveforms that are based on a mere use of (1) for their design.
B. Orthogonality for Arbitrary Shifts
To avoid the inherent limitations and problems pointed out in the previous section, some other publications (cf., e.g., [11] , [21] , and [23] ) require the orthogonality for arbitrary time shifts τ between the signals s i (t) and s j (t)
This enables a perfect signal separation also in case of a distributed scatterer scenario (possible effects from Doppler shifts will be discussed later). However, an immediate consequence of this requirement is that s i (t) and s j (t) must have nonoverlapping spectral support. This is evident from the crosscorrelation theorem
where ⊗ is a short hand for the cross-correlation integral of (2), F −1 denotes the inverse Fourier transform, and S i (f ) and S j (f ) are the Fourier transforms of s i (t) and s j (t), respectively. The cross-correlation theorem is comparable to the wellknown convolution theorem and states that the cross-correlation of two functions can be expressed (up to a sign change in the conjugate complex function) in the frequency domain as the product of their individual Fourier transforms.
It is evident from (3) that (2) can only be fulfilled if the product between S i (f ) and S j (f ) vanishes for all f . This implies that S i (f ) and S j (f ) have no common spectral support. The inevitable restriction to mutually distinct frequency bands therefore excludes shift-orthogonal waveforms from the use in scenarios where full spectral overlap between the radar echoes from multiple transmit signals is required. A coherent combination of spectrally overlapping radar echoes is, however, the basis of all MIMO-SAR applications mentioned in Section II. The mere use of shift-orthogonal waveforms according to (2) is therefore again not a viable solution for the implementation of future MIMO-SAR systems.
IV. SOLUTION: SHORT-TERM SHIFT-ORTHOGONAL WAVEFORMS IN COMBINATION WITH DBF ON RECEIVE
To overcome the fundamental challenges described in the previous section, it was suggested in [2] , [8] , and [9] to employ especially designed waveforms together with DBF on receive in the elevation direction. The basic idea underlying this proposal can be expressed in a more general form by a restricted shiftorthogonality condition
where, in comparison to (2) , an additional weighting function h(τ ) has been included which depends on the relative time shift τ . 3 The novel function h(τ ) is, as it will soon become clear, closely linked to the side-looking data acquisition geometry of a ground imaging radar.
To understand the significance of h(τ ), note first that there exists in a side-looking imaging radar for each scatterer on the ground a direct correspondence between the angle of arrival of the scattered wave and the associated radar signal delay. This means that signals from targets at different ranges arrive also from different look angles. As a result, the echoes from targets with sufficient mutual range delay τ can be separated in a multichannel receiver by an appropriate beamforming in the elevation direction. This situation is illustrated in Fig. 9 , Fig. 9 . MIMO-SAR based on two short-term shift-orthogonal transmit signals. The waveforms are designed such that their cross-correlation vanishes for small time offsets (as it applies to scatterers i and j). For larger time offsets, the otherwise correlated signals are separated via narrow Rx beams (as it applies to scatterers i and k). This exploitation of the side-looking imaging geometry together with appropriately designed transmit waveforms enables the simultaneous use of multiple Tx signals and the unambiguous separation of their radar echoes also in the realistic case of a distributed scatterer scenario.
which shows on the lower right a set of point scatterers that are illuminated by two orthogonal Tx waveforms. This pair of transmit signals has been chosen in accordance to (4) for a specific weighting function h(τ ) to be defined later. The radar echoes from the individual point scatterers arrive then according to the different pulse travel times at different instances of time as shown in the upper left of Fig. 9 , where the pulse echoes from the neighboring near range scatterers i and j arrive significantly before those from the far range scatterer k. DBF on receive enables a reliable separation (or spatial filtering) of the mutually overlapping radar echoes {i, j} from those emanating from the point scatterer k. This is illustrated in Fig. 9 by the distinct yellow and orange beams. To ensure a reliable signal separation, a sufficient number of receiver channels should be available, and the antenna height of an optimally oriented antenna h ant should exceed [2] 
where λ is the wavelength, r far is the far range distance, θ inc,max is the maximum incident angle, c is the velocity of light, and Δτ is the minimum time interval between the arriving signals that should be separated by DBF on receive (cf., Fig. 10 ). For small antenna heights, an accurate null steering may be used to improve the spatial filtering [2] , [24] , [25] .
On the other hand, the echoes from the scatterers i and j cannot be mutually separated by the spatial beamforming since they are located too close together. The only means to avoid a mutual interference of the radar echoes for these closely spaced scatterers is an appropriate choice of the transmitted waveforms such that they are mutually orthogonal within the time interval that cannot be resolved by the spatial beamforming in elevation. For this, we consider in (4) the function A wide scene is illuminated by two orthogonal waveforms. The waveforms have been chosen such that they are orthogonal for mutual time shifts that are shorter than Δτ . Hence, no interference occurs for scatterers whose slant range difference is smaller than cΔτ /2. To avoid mutual interference for scatterers that are separated in slant range by cΔτ /2 and more, a sufficiently narrow antenna beam is needed, which substitutes the temporal orthogonality by a spatial filtering. To derive the maximum allowed beamwidth, one needs, in turn, the angular separation Δϕ from which the radar echoes arrive for targets separated in slant range by cΔτ /2. This angular separation Δϕ is easily derived from the shown geometry by using straightforward linear approximations and depends besides Δτ on the incident angle θ inc and the slant range r as displayed in the formula on the top. The narrowest angle Δϕ min results for scatterers at the far range border of the illuminated swath. From this, the minimum antenna height in (5) 
This specific choice of h(τ ) leads to a short-term shiftorthogonal waveform and offers a new degree of freedom to reintroduce spectral overlap between the orthogonal waveforms S i (f ) and S j (f ).
One specific choice of such a short-term shift-orthogonal waveform could be based on mutually time-shifted chirped pulses as already suggested in [2] , [8] , and [9] . In these references, it was proposed to use for each desired transmit channel a conventional chirped signal, each covering the whole range bandwidth. To avoid interferences between the individual transmit signals and to enable a reliable separation of their radar echoes by DBF on receive in elevation, it was further suggested to transmit the individual chirped pulses in subsequent order, i.e., there was no temporal overlap between the waveforms of the orthogonal transmit channels. The individual waveforms transmitted by the different channels were then denoted as subpulses. A drawback of this technique arises, however, if the subpulses are to be transmitted from different portions of a large antenna array where each of these subarrays is fed by a separate set of T/R modules. Such a scenario is, for example, desired if additional phase centers are to be created for multibaseline interferometry, tomography, improved GMTI, and high-resolution wide-swath SAR imaging applications (cf., illustration in Fig. 2 ). Since only a portion of all available T/R modules is used for each subpulse, it is therefore necessary to increase the peak power from each T/R module to obtain the same average transmit power as a conventional SAR system which transmits with all T/R modules at the same time. It should be evident that this drawback becomes more severe with more transmit channels employed. 4 To overcome this possible limitation, an alternative approach is illustrated in Fig. 11 , which employs a signal with linear frequency modulation for s i (t) and a second signal s j (t) with a sufficient offset in its instantaneous frequencies. The advantage of this new type of waveform, if compared to the previously suggested use of subpulses, is that multiple waveforms are transmitted at exactly the same time. By this, the peak power requirements for the signal transmissions can be reduced. The required frequency offset can, in principle, be obtained by a mere cyclic shift of the chirped signal s j (t). This simple method also allows a straightforward extension to an arbitrary number of shift-orthogonal waveforms. The special choice for s i (t) and s j (t) ensures that there is no interference between the signal returns for closely separated scatterers, while scatterers with a larger mutual separation would cause an interference 
The remaining cross-correlation within the interval τ ∈ [−Δτ /2, Δτ /2] is typically much smaller as in this illustration due to the large time-bandwidth product employed for spaceborne SAR sensors. The acceptable level for the integrated leakage energy from the orthogonal channel(s) depends on the intended application, but it is expected that an easily obtainable suppression of 20 dB with respect to the integrated energy in the matched channel will be more than sufficient for most spaceborne MIMO-SAR imaging applications.
between the received signals. 5 The interference for the longer shifts can, however, be avoided by the aforementioned spatial filtering, thereby exploiting the specific space-time structure of the received signal in a side-looking imaging radar. The spatial filtering is, as illustrated in Fig. 9 , equivalent to a DBF on receive in elevation.
To summarize, the radar echoes from closely spaced scatterers are separated in the temporal domain by using short-term shift-orthogonal waveforms for the different transmit channels, while the echoes from widely spaced scatterers are separated in the spatial domain by DBF on receive. The combination of appropriately designed short-term shift-orthogonal Tx waveforms with DBF on receive in elevation hence enables the implementation of a MIMO-SAR not only for an academic scenario consisting of one or a few closely spaced scatterers as considered in several recent MIMO-SAR publications, but also for a realistic spaceborne SAR scenario where an extended scene is filled with a large number of distributed scatterers and where the swath width exceeds the spatial extension of the transmitted pulse.
V. INFORMATION CUBE
Further insights into the intricacies and challenges of MIMO-SAR systems can be obtained by introducing the concept of the information cube which provides a concise visualization of the information collected by a multiaperture radar receiver. For this, we start from a conventional radar with a singlechannel receiver. The upper right side of Fig. 12 shows the corresponding information cube filled with a green surface. To understand the significance of this surface, let us first assume that the radar transmits a pulse with liner frequency modulation (here, down-chirp) and the scene consists of a single scatterer. In this case, a single chirped signal would be received, which approaches the antenna from a fixed angle of arrival. The constant angle of arrival is indicated in the information cube of Fig. 12 by the gray horizontal plane. Within this plane, the chirped signal can be seen by a linear frequency decrease as the time proceeds (due to the transmitted down-chirp). Let us now assume that the scene contains additional scatterers at different ranges. In this case, additional chirped signals would be received, which are mutually displaced in both time and angle of arrival. In the limit of a distributed scatterer scenario with a large number of individual scatterers (e.g., dense forest), the green surface will be obtained. The surface therefore provides a succinct illustration of the intimate coupling between range time, instantaneous frequency, and angle of arrival for a sidelooking imaging radar operated with chirped transmit signals.
A different picture arises if multiple orthogonal signals are transmitted at the same time. As an illustrative example, let us consider the waveform from Fig. 11 . Assuming again first a scene composed of a single point-like scatterer on the ground, the information cube shown in Fig. 13 is obtained. It is clear that the orthogonal signals have no overlap in the time-frequency plane. It is therefore no problem to separate the orthogonal returns from the single point scatterer by an appropriate time-frequency processing.
A more complicated picture arises if the scene is composed of multiple distributed scatterers (forest scenario). In this case, each time-frequency cell of the cube becomes filled by two vertically overlapping surfaces, as shown in Fig. 14 . It is therefore impossible to separate the signal returns from the two simultaneously transmitted waveforms in the time-frequency plane. A separation becomes, however, possible if additional information on the spatial direction of the arriving radar echoes is provided. This extra information is illustrated in Fig. 14 by the additional horizontal grid lines which divide the cube in the vertical direction. The vertical spacing between the grid lines indicates the radar's ability to separate signals from different angles of arrival and depends essentially on the antenna height and the associated number of receiver channels. From Fig. 14 , it can also be seen that the surfaces approach each other in the vertical direction as the radar echo time t increases. Larger echo times correspond to more distant scatterers mapped with increasing incident angles. Hence, a more extended antenna will be required to separate the signal echoes from large incident angles. An operation at lower incident angles is therefore preferred in order to keep the antenna size as small as possible. It should, moreover, be clear from Fig. 14 that the orthogonal waveforms should be designed such that the instantaneous frequency separation is maximized. In this sense, the heuristically chosen waveforms from Fig. 11 can already be regarded as a good choice.
Another interesting aspect arises from the visualization by means of the information cube. Taking again a look at Fig. 12 , it seems that each independent time-frequency cell of a singlechannel SAR system without any beamforming capabilities in elevation is already filled with information. There is hence no space left to accommodate in the received signal the additional information that might be provided by the transmission of other waveforms, independent whether they are orthogonal or not. This limitation can also be understood in a more abstract mathematical sense by regarding the SAR data acquisition and focusing processes as mappings between object, data, and image spaces [26] . The object space means here essentially the set of all possible scene reflectivity functions (including white noise scenes), the data space represents the raw data collected by the radar, and the image space corresponds to the set of focused SAR images reconstructing the scene reflectivity within the radar's limitations. To simplify the discussion, we assume in the following a one-to-one (i.e., bijective) mapping between the data space and the image space, i.e., the dimensions of the data and image spaces are equal, and one element of the image space corresponds to exactly one element of the raw data space and vice versa. This means that we can take the data and image spaces as synonymous. To concentrate on the essential aspects, we further neglect any effects from oversampling, noise, and saturation during the raw data acquisition. Under this assumption, the data acquisition of a well-designed SAR system can essentially be understood as a surjective (i.e., onto) mapping from the object space to the data (or image) space (cf., Fig. 15, left) . This means that many elements from the object space are mapped to a single element of the data space. The many-to-one mapping is, besides other things, caused by the resolution limitations of the radar. On the other hand, at least one possible element within the object space corresponds to each element of the data space. 6 There exists therefore an injective (one-to-one) mapping from the data space to the object space (cf., Fig. 15, right) . This means that each element of the data space corresponds to a distinct scene, as long as the set of possible scenes is not restricted a priori by specific regularity assumptions. The transmission of additional (e.g., orthogonal) waveforms will therefore inevitably change the received signal in the data space and, therefore, also the assigned element in the object (and image) space.
A different picture arises if the received radar signal is sampled by multiple elevation channels. In this case, the mapping from the object space to the data space is no longer surjective, as illustrated in Fig. 16 on the left. A MIMO-SAR can therefore use the free elements in the data space to provide further information about the scene by transmitting additional radar pulses with appropriately designed Tx waveforms. This was, for example, exploited in the technique of multidimensional waveform encoding to reduce the ambiguities of a spaceborne SAR system by transmitting dedicated space-time-coded signals, thereby assigning new information about the object space to the free elements of the data space [2] . The underlying principle is illustrated on the right-hand side of Fig. 16 where, for example, the elements a and b of the object space are now mapped to different elements A and B in the data space and can therefore be separated from each other. Appropriately designed MIMO-SAR waveforms should hence try to take advantage of the additional degrees of freedom that can be provided by a multichannel receiver. With reference to the framework of information theory, this corresponds to an increase of the entropy within the data space which directly reflects the additional information provided about the different elements in the object space. On the other hand, it seems futile to gather additional information about the object space if the data space is already completely filled with information, i.e., if it has reached maximum entropy. This applies, for example, in good approximation to the case of a single-channel SAR which images a distributed scene with arbitrary scatterer arrangements (white noise scene).
The previous reasoning implicitly assumed that the scatterer distribution can be regarded as (higher order) white noise, and one may argue that the SAR data acquired from real-world scenes are full of second-and higher-order correlations, as it is the case for optical images [30] , [31] . 7 To exploit these redundancies, it would, however, first be necessary to identify those regions in the data space which are not already filled with information. This unused space could then either be exploited for data compression or for MIMO-SAR imaging. Simple examples for such an approach are the imaging of short scenes by long waveforms or the mapping of a scene composed of a set of sparsely distributed scatterers (ships on the sea scenario) as discussed in Section III. In both cases, the data space is only sparsely filled with information. It should, however, be clear from the previous analyses that the mere use of orthogonal waveforms without any explicit consideration of such redundancies in the data space seems to promise little success for the successful implementation of MIMO-SAR systems. Even in the case where one can identify redundancies within the data space (which are presumably more prominent in the image space after SAR focusing), it remains an open question whether appropriate Tx waveforms can be found, which exploit the unused subspace for MIMO-SAR imaging purposes. This complication is a result from the intricate data acquisition process of SAR systems which disperse the scattered signal from individual objects over many raw data samples.
VI. OFDM: AN ALTERNATIVE?
Recently, several new SAR imaging techniques have been studied, which replace the commonly used linear frequency Fig. 17 . OFDM waveform generation in the frequency (left) and time (right) domains. A conventional chirped signal is sampled in the frequency domain by a sequence of Dirac pulses which represent the OFDM carriers. This multiplication corresponds in the continuous time domain to a convolution of a chirped signal with a sequence of Dirac pulses. The proposed suppression of every second frequency component (red dots) increases the effective spacing between the sample positions in the frequency domain and therefore decreases the corresponding Dirac spacing in the time domain by a factor of two as indicated by the additional red arrows. This implies, besides the original signal repetition from the sampling in the frequency domain, an additional repetition of the chirped signal in the time domain. The transition from the signal representation in the discrete frequency domain to a continuous frequency domain representation implies a convolution with a sinc function. This corresponds in the time domain to a multiplication by a rectangular window. The final result is the desired OFDM waveform shown at the lower right, which consists in the time domain essentially of two repeated chirped pulses as suggested in [16] . The second and orthogonal waveform is obtained by shifting the sampling sequence in the frequency domain by one sample position (black samples become zeros, and red samples become ones). This shift corresponds to a mere multiplication with a linear phase function in the time domain but does not alter the basic signal structure (Fourier shift theorem). See [33] for a more detailed derivation. modulated (LFM) chirp pulses of conventional SAR systems by a novel class of transmit waveforms that are based on OFDM techniques [16] , [17] , [20] , [27] - [29] , [33] . To obtain a pair of orthogonal transmit signals suitable for MIMO-SAR imaging, it was further suggested in [16] , [29] , and [33] to divide the available bandwidth of two discrete and time-limited chirp signals in the frequency domain by assigning subsequent frequency components to either one or the other waveform. This results in the discrete frequency domain representation in a comblike spectrum for each Tx signal and, therefore, no spectral overlap between the two waveforms (cf., Fig. 17) . Coherence between the otherwise uncorrelated SAR images obtained from this pair of orthogonal waveforms is then retained by limiting the scene extension to less than half of the length of the transmitted OFDM waveforms. This requires the partitioning of a wide image swath into multiple small subswaths by using a multichannel receiver that is capable of generating multiple narrow antenna beams in elevation.
To better understand the implications of the special kind of OFDM SAR data acquisition suggested in [16] , [29] , and [33] , it is instructive to take a closer look at the transmitted waveforms. Fig. 17 shows that the discrete comb-like OFDM spectrum corresponds in the continuous time domain to a signal that is composed of two repeated subpulses. The pulse repetition is independent of the original waveform and an immediate consequence of the comb-like spectral sampling where each second frequency component is set to zero. The repeated subpulse structure leads inevitably to additional peaks in the autocorrelation function of the proposed OFDM waveform. This implies, in turn, that the focused image from each individual waveform becomes ambiguous in range as soon as the scene extension is longer than half the OFDM pulse length. The mere use of OFDM transmit signals together with an appropriate matched filter (or any other OFDM processing) is therefore not sufficient for an unambiguous wide-swath MIMO-SAR imaging! The range ambiguity from the proposed OFDM signals can only be resolved by providing additional information on the direction of the arriving wavefronts. This requires, in turn, a sufficiently extended antenna array with multiple elevation channels. The extra information from the multichannel receiver can then be used to suppress the range ambiguity by DBF on receive as illustrated in Fig. 18 . It should hence be clear that the suggested OFDM-MIMO-SAR employs the same basic principle as it was originally suggested for the concept of multidimensional waveform encoding (cf., [2] and Section IV). The minimum antenna height is again provided by (5), where Δτ corresponds now to half of the duration of the transmitted OFDM pulse. Note that this requirement on the antenna height is equal to that for the mutual suppression of the previously suggested short-term shift-orthogonal waveforms from Fig. 11 . Only for scenes that are shorter than half of the transmitted pulse length, one may neglect the range ambiguity suppression by DBF on receive. This may, for example, be a viable solution in a bistatic automotive radar [32] or the ISAR system from [19] where the range from which radar echoes are received above noise level is much shorter than the length of the transmitted pulse.
After pointing out that MIMO-SAR imaging with OFDM and multidimensional waveform encoding are based on the same underlying principle, the question remains which kind of waveform encoding is the most appropriate. For this, one should be aware that, in the suggested OFDM modulation, a possible issue arises from the close separation of the frequency components which are assigned to either one or the other waveform. If, for example, a 100-μs long radar pulse is employed, the individual OFDM frequency components (or carriers) will be separated by only 10 kHz. Such a separation is, however, already close to the Doppler bandwidth of a spaceborne high-resolution wide-swath SAR system with 1-m azimuth resolution. 8 It is therefore inevitable that a notable portion of the Doppler spectrum is leaked into the "orthogonal" channel, thereby deteriorating the image quality. In contrast, the instantaneous frequencies of the waveforms from Fig. 11 are typically separated by several 10 MHz or even 100 MHz, and Doppler leakage is therefore not an issue at all. Another problem may arise from the fact that the OFDM processing suggested in [33] requires, before range focusing, a complete suppression of all signals that arise from scatterers outside the processing interval. This implies a rectangular window which may be difficult to implement in a practical system. On the other hand, the short-term shift-orthogonal waveforms from Fig. 11 allow the elevation beamforming to be performed either before or after the range processing, and the interferences from the short-term shift-orthogonal waveforms can even be suppressed for each individual range bin by a highly efficient null steering of the antenna pattern.
VII. FURTHER OPPORTUNITIES AND OUTLOOK
MIMO-SAR with appropriately designed transmit waveforms enables in the long term not only the implementation of fully polarimetric high-resolution wide-swath SAR systems or the acquisition of additional phase centers for novel SAR applications like multibaseline interferometry or tomography but also a completely new class of hybrid and adaptive SAR imaging modes [1] , [2] . These novel modes can, for example, be used to provide at the same time different spatial or radiometric resolutions for different image regions. This opportunity may be of great benefit in the design of future SAR missions that try to resolve hitherto incompatible user requirements. As a simple example, one may consider a SAR mission like Sentinel-1 that systematically maps the whole Earth surface with a moderate resolution of 20 m in a ScanSAR-like mode every 12 days. A hybrid MIMO-SAR mode could then allow for the simultaneous acquisition of an additional narrow stripmap swath with a significantly improved spatial resolution [1] . By this, one could offer the user community both a coarse resolution SAR image of the Earth every 12 days and a fine resolution image of the whole Earth surface every one or two months without a too significant increase in both the downlink and the power budgets. Hybrid and adaptive MIMO-SAR modes may also be of high interest for advanced concepts that employ SAR satellites in a Medium Earth (MEO) or even geosynchronous orbit (GEO). 9 The increased orbital altitude can provide a huge instantaneous field of view that typically extends across several thousand kilometers. High-altitude systems provide, moreover, the opportunity to continuously observe a given area for a long time period ranging from several minutes up to hours. This may, for example, be exploited for advanced traffic monitoring concepts as shortly discussed in [45] . For this, new data acquisition strategies based on hybrid and adaptive MIMO-SAR modes will be desired to stay within both the available power and downlink budget. The new short-term shift-orthogonal waveforms discussed in this paper are an enabling technology for many of these advanced MIMO-SAR techniques and open the door for future SAR missions with hitherto unknown imaging and mapping capabilities.
VIII. CONCLUSION
MIMO-SAR offers the opportunity to improve the imaging performance of future SAR systems and to acquire novel interferometric and tomographic information products with a minimum number of antenna elements. For this, multiple transmit signals have to be employed, and it has to be ensured that the radar echoes from each transmit channel can be extracted without any interferences that may arise from the scene illumination by the other transmit channels. In selected airborne scenarios, it may be sufficient to transmit the different Tx signals in subsequent PRIs [6] , [7] , [11] , [12] . Such a strategy is, however, in general, not applicable to a spaceborne scenario where the high 9 One reviewer asked whether such a MEO-or even GEO-MIMO-SAR system is realistic in terms of the required antenna height. For this, we may consider an exemplary X-band MEO-SAR system with an orbit height of 10 000 km. The instantaneous Doppler bandwidth acquired by such a system depends on the selected orbit, particularly whether a retrograde or a prograde orbit is chosen. Assuming an antenna length of 10 m, the Doppler bandwidth will be below 1000 Hz in the latter case. It is, moreover, important to note in this context that the azimuth resolution depends not on the satellite velocity but on the antenna footprint velocity. In consequence, an azimuth resolution of 2 m can be achieved in stripmap mode in this example despite the use of a 10-m-long antenna. Assuming in (5) a PRF of 1 kHz and a Δτ of 150 μs, the required antenna heights are approximately 10 and 15 m for incident angles of 30 • and 45 • , respectively. The required aperture could, for example, be provided by a suitably designed reflect array or a large deployable reflector antenna in combination with advanced DBF techniques as already suggested for Tandem-L [1] . Note, moreover, that the antenna size required for ambiguity and mutual subpulse suppression decreases as the angular velocity of the satellite approaches the angular velocity of the Earth, as it is the case for a geosynchronous SAR. We therefore consider MEO-and GEO-MIMO-SAR systems as realistic options for the future, as long as the range resolution requirements do not ask for a large bandwidth which would then be associated with a low signal-to-noise ratio (SNR).
sensor velocity poses notable ambiguity constraints. A prominent example for this fundamental limitation is the reduced unambiguous swath width in the alternating bistatic mode of TanDEM-X which can be regarded as a MIMO-SAR with two transmit and two receive channels that provide together three virtual phase centers [34] . 10 A reliable separation of the radar echoes arising from the simultaneous use of multiple transmit signals, i.e., a signal extraction free of mutual interferences, is therefore a fundamental challenge for the implementation of future spaceborne MIMO-SAR systems. To overcome this fundamental MIMO-SAR challenge, it was suggested within this paper to simultaneously transmit multiple waveforms that are mutually short-term shift orthogonal. The short-term shift orthogonality ensures a reliable signal separation without mutual interference for closely spaced scatterers. Interferences from the lack of orthogonality for longer mutual shifts are then suppressed by DBF on receive in elevation. By this, the special data acquisition geometry of a side-looking imaging radar is exploited. The signal separation from the multiple transmit waveforms requires a large antenna height if compared to conventional SAR systems. Antennas with increased heights and multiple receive channels have already been suggested to improve the sensitivity of future SAR systems [35] - [39] where the associated real-time beamsteering in elevation is also known as scan-on-receive. The spatial waveform separation in elevation may, in the future, greatly benefit from the more recently suggested SAR architectures that combine a large unfoldable reflector antenna with a digital feed array [1] , [40] - [44] . The rather large antenna height (if compared to conventional spaceborne SAR systems) provides ideal conditions to separate the radar echoes from the short-term shift-orthogonal waveforms. First ideas to use reflector antennas for MIMO-SAR imaging purposes have already been discussed in [46] .
The concept of the information cube provided further insights into the peculiarities of single and multichannel SAR data acquisitions, and it became evident that the signal space provided by a multichannel receiver system is only sparsely filled with information. MIMO-SAR systems can therefore exploit the additional degrees of freedom provided by a multichannel receiver. For this, the vacant cells of the information cube are to be filled with extra information about the imaged scene without destroying the information in the already occupied cells. This can be accomplished by transmitting suitably designed waveforms either from different antennas or with different polarizations. The suggested short-term shift-orthogonal waveforms represent one class of suitable signal modulations that will serve this purpose. As an alternative, a special kind of OFDM waveforms has been suggested in [33] for the same purpose of MIMO-SAR imaging. An analysis of these two alternative waveforms revealed that, in both cases, the additional information from a multichannel receiver is employed to suppress either the interference from the orthogonal channel (in case of short-term shift-orthogonal waveforms) or the ambiguity from the repeated subpulse structure (in case of OFDM). A first comparison between these alternative waveforms shows some advantages for the short-term shiftorthogonal waveforms of Fig. 11 , but this topic may deserve further investigation in the future.
APPENDIX A
As suggested by one reviewer, we provide here a more rigorous analytical derivation of the results from Section III-A. For this, we assume a radar that simultaneously transmits the two waveforms s i (t) and s j (t). The received radar echo from a point scatterer located at distance r will then be given by
where c denotes the speed of wave propagation. For convenience, any unimportant amplitude scaling due to free space loss, antenna gain, RCS, etc., has been omitted in (8) . The range-compressed signal with reference to the first transmit channel is obtained by matched filtering s(t) with s * i (−t). Taking into account the linearity of the matched filtering operation, this yields
where * denotes the linear convolution operator. The first integral on the right-hand side of (9) describes the expected rangefocused point scatterer response if only the waveform s i (t) had been transmitted, while the second integral corresponds to an additional contribution in the range-focused signal. This undesired term is due to the simultaneous transmission of waveform s j (t). In the following, we denote this second term in (9) as u x (t)
The integrated energy of this undesired point target response can be written as
Using Plancherel's (commonly denoted as Parseval's) theorem, one obtains in the frequency domain an equivalent expression for the range processed signal energy
where U x (f ) denotes the Fourier transform of u x (t). The spectrum U x (f ) can be derived from (10) by employing both the convolution and the Fourier shift theorem as
where S i (f ) and S j (f ) denote the Fourier transforms of s i (t) and s j (t), respectively. Substituting this equation in (12), we obtain for the energy of the range processed signal
From this equation, it should be immediately apparent that any overlap between the two spectra S i (f ) and S j (f ) causes inevitably a nonvanishing energy contribution from the unmatched channel in the focused image. For the most interesting case where both S i (f ) and S j (f ) have flat spectra of equal magnitude, one can easily compute the SNR as
where we denoted the first term of the right-hand side of (9) with the "matched" response u m (t). It is therefore evident that the SAR image will suffer from a considerable energy leakage from the orthogonal transmit signal. In case that more than two orthogonal signals are transmitted at the same time, the "noise" contributions will add, and it is straightforward to show that the SNR will, in the case of equal magnitude spectra, further decrease to 1/(N − 1), where N denotes the number of simultaneously transmitted waveforms. The only means to get rid of the noise contributions from the orthogonal channels is an additional filtering, as outlined in Section IV.
APPENDIX B
In this appendix, we derive a pair of orthogonal waveforms that satisfy the orthogonality condition in (1) . For this, we start with the two LFM waveforms (chirps)
where k r = B r /T p is the chirp rate defined as the ratio between the chirp bandwidth B r and the chirp duration T p . The evaluation of the cross-correlation integral (1) then yields (18) where Erf is the Gaussian error function. It is clear that the upand down-chirps do not fulfill the orthogonality condition in (1). We can, however, easily cure this lack of orthogonality by subtracting a "homeopathic" term s Δ (t) from the second chirp signal s ⊥ (t) = s 2 (t) − s Δ (t).
In this case, we obtain for the correlation integral in (1) the expression
There is a great degree of freedom in choosing an appropriate function s Δ (t) such that the aforementioned correlation integral vanishes. A particularly simple solution arises if we chose
where α is a constant to be immediately determined. Substituting (21) into (20) , the evaluation of the last integral in (20) becomes trivial, and we can ensure a vanishing crosscorrelation by simply choosing the constant α as
Assuming, for example, a bandwidth of B r = 100 MHz and a pulse length of T p = 50 μs, which may both be regarded as typical parameters for a spaceborne SAR system like TanDEM-X, we obtain for α a value of α = 0.00707 + j0.00701. The magnitude of the correction signal s Δ (t) is hence less than 1% of the magnitude of the original signal s 2 (t). From this, it should be clear that the slight modification has only a small effect on the MIMO-SAR imaging performance. This has also been confirmed numerically by conducting the simulations in Figs. 4 and 5 twice, once using s ⊥ (t) of (19) and once using s 2 (t) of (17) for the second waveform.
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